Renal endothelin-1 (ET-1) and purinergic signaling systems regulate Na + reabsorption in the 38 renal medulla. A link between the renal (ET-1) and purinergic systems was demonstrated in-39 vitro, however, the in-vivo interaction between these systems has not been defined. To test 40 whether renal medullary activation of purinergic (P2) receptors promotes ET-dependent 41 natriuresis, we determined the effect of increased medullary NaCl loading on Na + excretion 42
and inner medullary ET-1 mRNA expression in anesthetized adult male Sprague Dawley rats 43 in the presence and absence of purinergic receptor antagonism. Isosmotic saline (NaCl; 284 44 mOsmol/kg H 2 O) was infused into the medullary interstitium (500 μl/h) during a 30 min 45 baseline urine collection period, followed by isosmotic or hyperosmotic saline (1800 46 mOsmol/kg H 2 O) for two further 30 min urine collection periods. Na Endothelin-1 (ET-1) is an autocrine inhibitor of Na + and water reabsorption by the 63 kidney and plays a central role for the regulation of Na + homeostasis and blood pressure 64 control. Within the renal medulla, ET-1 is released in response to a high salt diet and inhibits 65 tubular Na + transport promoting natriuresis (14, 17) . It appears that both ET A and ET B 66 receptors are required for the full diuretic and natriuretic effects of ET-1 (7). However, the 67 signaling mechanism by which NaCl loading to the renal medulla translates into an increase in 68
ET-1 production and/or action is currently unknown. 69
Purinergic signaling has also emerged as another important system in the renal control 70 of blood pressure and Na + excretion (19, 31) . In response to increased tubular flow, ATP is 71 released from renal tubular cells inhibiting Na + transport along the nephron (12, 19) , mainly 72 through P2Y 2 receptor activation (18, 23) . Both P2Y 2 knockout mice and ET B deficient rats 73 develop salt-sensitive hypertension (23, 30) , supporting the fundamental roles for these two 74 systems in blood pressure regulation by controlling Na + homeostasis. However, the interaction 75 between renal ET-1 and purinergic signaling is relatively unexplored. Recently, it has been 76 demonstrated that renal P2Y 2 and P2X 7 receptor blockade inhibits ET-1 production in inner 77 medullary collecting duct cells (22) . However, the interaction between the endothelin and the 78 purinergic signaling systems within the renal medulla has yet to be explored in vivo. Taken 79 together, we uniquely designed the current study to elucidate the potential interplay between 80 ET-1 and purinergic signaling systems on renal Na + excretory function in male rats. 81
We hypothesize that the activation of purinergic (P2) receptors within the renal medulla 82 promotes ET-dependent natriuresis. To test this hypothesis, we studied the effect of increased 83 medullary NaCl loading on Na + excretion and inner medullary ET-1 mRNA expression in adult 84 male Sprague Dawley rats in the presence or absence of purinergic (P2) receptors 85 catheter placed in the left ureter to allow urine collection. The left renal artery was isolated and 111 fitted with an ultrasonic perivascular flow probe (1PRB probe, Transonic Systems Inc., Ithaca, 112 NY) to measure the total renal blood flow continuously during each experiment. Finally, a 113 stretched PE10 catheter was inserted into the left kidney as deep as the outer/inner medullary 114 junction to allow infusion of isosmotic NaCl (0.9%) directly into the renal medulla (0.5 ml/h). 115
Following surgical preparation, a 60 min equilibration period and 30 min baseline urine 116 collection period was obtained during intramedullary infusion of isosmotic saline (284 117 mOsmol/kg H 2 O, 0.9% NaCl, 154 mM NaCl). This was followed by isosmotic or hyperosmotic 118 saline (1800 mOsmol/kg H 2 O, 5.7% NaCl, 976 mM NaCl) infusion for two further 30 min 119 periods. The experimental timeline used in this intramedullary infusion experiment is illustrated 120
in Fig. 1 . It is important to highlight that we use the terms "isosmotic" and "hyperosmotic" 121 relative to plasma osmolality. 122
To determine the role of purinergic system in response to increasing intramedullary 123 NaCl loading, we continuously infused the non-selective purinergic (P2) receptors antagonist, 124 suramin (750 μg/kg/min, Sigma-Aldrich Co., St. Louis, MO), into the renal medullary 125 interstitium during the 30 min basal urine collection period. Suramin and hyperosmotic saline 126 were then co-infused for two subsequent 30 min urine collection periods. To our knowledge, 127 there is no available data on doses for intramedullary infusion of suramin. The suramin dose 128 used in the current study originates from pilot studies conducted in our lab using a range of 129 concentrations estimated based on prior intravenous studies (27) . 130 To determine the role of ET-1 system in response to purinergic (P2) receptor activation, 131 rats received an IV bolus injection (0.5 ml/kg via femoral vein catheter) of vehicle or a 132 combination of the selective ET A receptor antagonist ABT-627 (5 mg/kg) plus the selective ET B 133 receptor antagonist A-192621 (10 mg/kg, Abbott Laboratories) 30 min before the end of the 134 post-surgical equilibration period. These doses are known to maintain efficient blockade of 135 both receptor subtypes for the duration of our experimental protocol as previously 136 demonstrated (4, 7, 32) . After the equilibration period and the 30 min baseline urine collection 137 period during which isosmotic saline was intramedullary infused, the purinergic (P2Y 2/4 ) 138 receptor agonists (200 pmol/kg/min UTP, Sigma) was infused into the renal medullary 139 interstitium for two subsequent 30 min urine collection periods. 140
Blood pressure and renal blood flow data were monitored using a PowerLab data 141 acquisition system (ADInstruments). Renal blood flow was normalized to left kidney weight. At 142 the end of each experiment, the proper positioning of the catheter tip at the outer-inner 143 medullary junction was confirmed by dissection of the kidney and inner medulla was 144 harvested, snap frozen in liquid nitrogen and stored at -80°C until analysis. 145
Tissue Analysis. Renal inner medullary tissue was immediately harvested after the second 30 146 min urine collection period, and total RNA was isolated using Purelink Mini RNA extraction kit 147 (Ambion) according to manufacturer's instructions. Then, the isolated RNA was reverse 148 transcribed using QuantiTect Reverse Transcription kit (Qiagen). Finally, the resulting cDNA 149 was used to quantify ET-1 mRNA by Real Time-PCR (CFX96 Real-Time System, BIORAD) 150 using TaqMan primer gene expression assays with ET-1 (catalog no. Rn01775763_g1), P2Y 2 151 receptor (catalog no. Rn02070661_s1), P2Y 4 receptor (catalog no. Rn02133903_s1), P2Y 6 152 receptor (catalog no. Rn02134326_s1) and GAPDH (catalog no. Rn01775763_g1) primers. 153
We assessed the expression of these three purinergic (P2Y) receptors because UTP can 154 directly activate both P2Y 2 and P2Y 4 and may be converted to UDP that is an agonist for P2Y 6 155 receptors (11). ET-1 and P2Y receptor gene expression was quantified relative to GAPDH 156 Germany). Osmolality of infused solutions and urine samples were determined by vapor 160 pressure osmometer (VAPRO 5600, ELITechGroup Inc., Logan, UT). 161
Statistics. Data are presented as means ± SEM. Statistical comparison of 2 162 experimental groups was performed by unpaired Student's t-test. When several groups were 163 compared, we used one-way ANOVA followed by post hoc analysis with Bonferroni correction. 164 A probability of p<0.05 was considered significant. 165
Results 166
During infusion of isosmotic saline into the renal medulla, urine flow, electrolyte 167 excretion, and urine osmolality remained unchanged ( 
Increased medullary NaCl loading enhances ET-1 mRNA expression in the inner 177
medulla. To determine whether the natriuretic effect of increasing medullary NaCl loading was 178 associated with stimulation of the ET-1 system, we assessed the expression of ET-1 mRNA 179 within the inner medulla in response to increased medullary NaCl loading. Infusion of 180 hyperosmotic saline into the renal medulla for 60 min increased the expression of inner 181 medullary ET-1 mRNA compared to corresponding values from rats infused with isosmotic 182 saline (Fig. 4) . Additionally, we assessed the expression of inner medullary P2Y receptors in 183 response to NaCl loading. Intramedullary infusion of hyperosmotic saline for 60 min had no 184 significant effect on the expression of P2Y 2 , P2Y 4 , or P2Y 6 receptors within the inner medulla 185 (Fig. 5) . 186
Blockade of purinergic (P2) receptors attenuated natriuresis in response to increased 187
medullary NaCl loading. To determine the role of purinergic (P2) receptor activation in 188 mediating the natriuretic effect of increasing the medullary NaCl delivery, we tested the effect 189 of intramedullary infusion of hyperosmotic saline with or without the non-selective antagonist of 190 purinergic (P2) receptors, suramin. Intramedullary infusion of suramin (750 μg/kg/min) 191 significantly attenuated the diuretic as well as the natriuretic responses to increased medullary 192 NaCl during the first as well as the second 30 min urine collection periods (Fig 5A & B) . 193
Increases in urine osmolality in response to intramedullary infusion of hyperosmotic saline 194 were still evident in the presence of suramin, and even rising further during the second 30 min 195 time interval (Fig. 5D ). Urinary K + excretion, mean arterial pressure and total renal blood flow 196
were not significantly altered by intramedullary infusion of hyperosmotic saline alone or when 197 combined with the purinergic (P2) antagonist, suramin ( Fig. 5C & 6) . 198
Blockade of purinergic (P2) receptors attenuated the increase in ET-1 mRNA 199
expression in response to increased medullary NaCl. To evaluate the possibility that medullary 200 purinergic (P2) receptors stimulate the medullary ET-1 system following NaCl loading, we 201 assessed the expression of ET-1 mRNA within the inner medulla after 60 min infusion of 202 hyperosmotic saline alone or combined with suramin, the non-selective blocker of purinergic 203 (P2) receptors. Interestingly, the increase in inner medullary ET-1 mRNA expression in 204 response to increased medullary NaCl loading was completely abolished by suramin (Fig. 7) . (Fig. 8A & B) . Urinary K + excretion was unchanged by 215 intramedullary P2Y 2/4 activation, but was significantly lower during the second 30 min urine 216 collection in antagonist infused rats compared with those given UTP alone (Fig. 8C) . Urine 217 osmolality was not significantly changed during these experiments (Fig. 8D ). Mean arterial 218 pressure remained stable during intramedullary infusion of UTP, and was slightly, but 219 significantly, decreased in rats receiving intravenous ET A and ET B receptor blockers during the 220 second 30 min time period, compared to the corresponding time point in the UTP group (Fig.  221   9A) . However, no statistically significant differences were detected between the second 30 min 222 time point during dual blockade of ET receptors and corresponding baseline values. Total renal 223 blood flow was not significantly different between these two groups (Fig. 9B) . 224
Discussion 225
The current study shows that (1) increased NaCl load to the renal medulla of male rats 226 results in a diuretic and a natriuretic response associated with an increase in inner medullary 227
ET-1 mRNA expression, (2) blockade of purinergic (P2) receptors within the renal medulla 228 inhibits the natriuresis and the increase in ET-1 mRNA expression following medullary NaCl 229 loading, and (3) blockade of ET receptors inhibits to the diuretic and natriuretic response to 230 UTP infusion. Together, these findings suggest an interaction between the ET-1 and the 231 purinergic signaling systems within the renal medulla to efficiently excrete increased NaCl 232
load. 233
Several earlier studies suggest that extracellular osmolality enhances ET-1 production 234 and release by freshly isolated or cultured renal tubular or collecting duct cells (9, 16, 22, 33) . 235
This in vitro evidence was supported by in vivo studies from our lab showing that infusion of 236 hyperosmotic saline into the renal medulla resulted in diuresis, natriuresis and increases in 237 urinary ET-1 excretion (6). The diuretic response following intramedullary infusion of 238 hyperosmotic saline was attenuated by dual blockade of ET A and ET B receptors (7), 239
suggesting that infusion of hyperosmotic saline to the renal medulla results in ET-dependent 240 diuresis (7). This is in line with accumulating evidence highlighting a central role for renal 241 medullary derived ET-1 in the control of renal excretory function (6, 7, 14, 15, 17, 21, 26) . 242
In the current study, we demonstrate that increasing the medullary NaCl load enhances 243 water and Na + excretion in male rats. This diuretic and natriuretic effect is demonstrated during 244 the first 30 min of infusing hyperosmotic saline and extended during the second 30 min urine 245 collection period. Our lab has provided evidence that exposing the renal medulla to 246 hyperosmotic saline stimulates ET-1 release in male rats over this time frame (6). Importantly, 247 our current study further supported this evidence by showing significant increases in ET-1 248 mRNA expression within the renal inner medullary tissues in response to intramedullary 249 infusion of hyperosmotic saline for 60 min. 250
The signaling mechanism by which a high medullary NaCl load is translated into an 251 increase in ET-1 production/release in-vivo is currently unclear. Our findings suggest that the 252 purinergic receptors might be involved. This idea is originally based on a recent study 253 revealing that purinergic receptors (P2) are required for flow-stimulated ET-1 release in inner 254 medullary collecting duct cells (22). Our data showed that blockade of medullary purinergic 255 receptors (P2) by suramin inhibited the diuretic and natriuretic response to increased 256 medullary NaCl loading. More importantly, suramin completely abolished the increase in inner 257 medullary ET-1 mRNA expression following intramedullary infusion of hyperosmotic saline. 258
These data provide strong in-vivo evidence that activation of the medullary P2 receptors is 259 necessary for the ET-1 dependent natriuretic response in male rats. As suramin is a non-260 selective blocker of purinergic receptors (P2), it is unclear which P2 receptors could be 261 involved in the regulation of ET-1 production in response to medullary NaCl loading. Pandit 262 and colleagues' findings suggest that P2X 7 and P2Y 2 receptors play a central role. 263 Accordingly, the potential contribution of different subtypes of medullary P2Y and P2X 264 receptors to ET-1 dependent natriuresis remains unclear and further studies are needed to 265 address this particular point. 266
Our results showed that P2Y 2 , P2Y 4 and P2Y 6 receptor mRNA is expressed in renal 267 inner medullary tissues. Previous studies have shown that P2Y 2 and P2Y 4 receptors are 268 expressed in the proximal convoluted tubule and outer medullary collecting ducts (2). 269
Additionally, Cha and colleagues found P2Y 2 in the outer medullary collecting tubule (8). In the 270 descending limb of Henle, P2Y 2 mRNA was found, but P2Y 4 was not expressed (2). 271
Additionally, it has been shown that P2Y 6 receptor mRNA is expressed in most segments of 272 the rat nephron but basolateral expression of this protein is restricted to the proximal tubule 273 (3). Our results showed that intramedullary NaCl loading did not significantly affect the 274 expression of P2Y 2 , P2Y 4 or P2Y 6 receptors within the renal inner medulla. 275
It is important to comment on the effect of dual blockade of ET A and ET B receptors on 276 the diuretic and natriuretic response to intramedullary infusion of UTP. As expected, 277 intramedullary infusion of UTP for 60 minutes enhanced the urine flow and Na 
postulated. 306
Finally, It is imperative to pinpoint that increasing the medullary NaCl load by 307 intramedullary infusion of hyperosmotic saline is not used in the current study to specifically 308 mimic the effect of high salt diet, but rather, it is used as an established stimulus for ET-1 309 production. Changes in the osmolality of the renal medulla resulting from water loading (20), 310 diuretics (28), dehydration (25), and drinking salty water (9) have been reported in the 311 literature. Drinking 1% NaCl in water for 7 days has been reported to increase the medullary 312 osmolality in rats (9), however, the effect of high salt diet on medullary Na + concentration is not 313 yet totally clear. 314
It is important to note that our study used suramin as an antagonist for all purinergic 315 (P2) receptors and so a limitation of our study is that we cannot specifically assign a role for 316 subtypes of P2 receptors, P2Y or P2X, or furthermore, subtypes of these two major classes of 317 purinergic receptor. Additionally, we used UTP that can activate P2Y 2 as well as P2Y 4 318 receptors. UTP may be also converted to UDP that can activate P2Y 6 receptors (11). Future 319 studies using more specific P2 agonists and antagonists will help clarify the exact receptor 320 subtypes involved in the interaction between ET-1 and purinergic signaling in the renal 321
medulla. 322
In summary, our current findings suggest that purinergic (P2) receptors activate the ET-323 1-dependent natriuresis in male rats (Fig. 11) . Consistently, ET-1 appears to contribute to the 324 diuretic and natriuretic response to intramedullary infusion of UTP. Together, these 325 observations provide strong in vivo evidence for possible renal medullary interplay between 326 ET-1 and purinergic systems in controlling Na + and water homeostasis in male rats. 327
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